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Abstract 
This article presents investigations to transfer an analytical batch electro-chromatography to a continuous annular 
electro-chromatography process. In order to study the electro-chromatographic effects of such a process a lab scale 
planar reference system was manufactured and tested. This planar device represents a fraction of the final annular 
geometry. An inorganic C8 reversed-phase monolith was filled between two glass plates as stationary phase inside a 
1 mm gap. The generation of Joule heating during the process was determined by using a contact-free thermal camera 
system. Additionally, the volume flow rate of the electrolyte was detected at the outlet geometry with a continuous 
imaging analysis system using the transmitted light method. Finally, a mixture of neutral test substances was used to 
evaluate the continuous separation and to compare the results of the planar plate with an analytical capillary. The 
obtained results indicate a uniform electro-osmotic flow as well as a successful separation of the test system and a 
good agreement between the efficiency of the planar gap and an analytical capillary electro-chromatographic device. 
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Nomenclature 
 Gas constant / 8.314J K-1mo1-1 
 Temperature / K 
 Faraday constant / 96500 C mol-1 
 Concentration of electrolyte / mol dm-3 
 Retention time of analyte / s 
 Electrical double layer / nm 
 Permittivity of vacuum / 8.85 x 10-12C2 N-1 m-2 
 Relative permittivity of the liquid / C V-1m-1 
 Viscosity / kg m-1s-1 
 Electro-osmotic mobility / m2V-1s-1 
 Zeta potential / V 
 Angular velocity of the feed / rad s-1 
 Outlet angle / rad 
1. Introduction 
In the past few years integrated processes relying on different driving forces have been investigated in 
respect to process intensification. One example is the capillary electro-chromatography (CEC) which 
combines the effects of liquid chromatography and capillary-electrophoresis (CE) [1–7]. This electro-
kinetically separation technique is a powerful analytical technique for complex separation tasks and is 
widely used in many analytical approaches [8]. In fused silica capillaries with an inner diameter from 50 
to 100 μm [8, 9] with reversed phases of a particle size of 3 μm or smaller are typically used [8].  The 
transport of the mobile phase through the filling material is given by the electro-osmotic flow (EOF) and 
formed by an ionic double layer at the solid/liquid interface. According to the so-called Stern model the 
thickness of the double layer is [10, 11]: 
 
  (1) 
 
with the electric permittivity of vacuum , the relative permittivity of the liquid , the ideal gas 
constant , temperature , the concentration of the buffer solution and the Faraday constant . In 
presence of an electrical field, the cations in the diffuse layer migrate to the cathode and drag the other 
fluidic particle with them. The generated mobility of the EOF  can be calculated by the 
Smoluchowski equation [3]:  
 
  (2) 
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where the zeta-potential  and the dynamic viscosity .  
 
The high separation efficiency of CEC makes it interesting for a transformation and a scale-up from 
batch to a continuous preparative separation technique. A basic concept for the conversion of a 
chromatographic batch process into a continuous system is the geometric transformation from a tubular to 
an annular design [12]. Early experiments to transfer the analytical chromatographic pressure driven 
processes to the annular design were realized from 1970 – 1990 [13] at the Oak Ridge National 
Laboratories (ORNL,Oak Ridge TN, USA) [14,15]. A bed of adsorbent particles was filled into an 
annular gap between two concentric cylinders [15]. The eluent was fed continuously into the upper side of 
the packed bed and exited at the bottom of the annulus. A feed nozzle moves slowly upon the upper 
annulus and injected into a narrow sector continuously the mixture of substances. Starting from the feed 
point, the substances form helical solute bands and leaving the apparatus at the bottom in an angle offset 
[15]. The outlet angle  can be estimated by a transformation function from retention times  of batch 
experiments and the rotation rate  of the feed nozzle [14, 15]. 
 
  (3) 
 
This annular design offers an excellent possibility to integrate high voltage electrodes for the formation 
of a uniform axial electrical field resulting in a homogeneous electro-osmotic flow in contrast to a 
conventional pressure driven one. For the generation of an axial electro-osmotic flow inside the gap the 
positioning of the electrodes were one at the top and the counter electrode at the outlet position of the gap. 
Vermeulen et al. [17, 18] described an additional electrode positioning with the approach of the 
generation of a radial electrical separation as principle being used by other researchers [19] and modified 
into an axial one [20]. The continuous annular electro-chromatography with an axial EOF is sophisticated 
in respect to hydrodynamics and heat transfer. Before manufacturing a continuous annular electro-
chromatographic apparatus, it was necessary to investigate the hydraulic and thermal behavior in a planar 
reference system which represents a fraction of the final annular prototype (see Fig. 1). Considering the 
advantages of inorganic monolithic materials [21, 22], the stationary phase was a silica-based sol-gel 
monolith functionalized with C8-groups. 
 
M
Annular Geometry Planar Geometry
H H
B = M x D
 
Fig. 1. Transformation from the planar to the annular geometry 
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2. Materials and Methods 
2.1.  Chemicals and buffer preparation 
The mobile phase solutions were prepared by mixing methanol (MeOH) with an acid buffer solution at 
different concentrations (see Tab.1). The buffer solution was prepared by mixing citric acid-1-hydrate in a 
concentration of 25 mmol/l with bidistilled water and adjusting the pH value to 3.13 with 2M NaOH. The 
conductivity of both solutes electrolytes were measured with a conductivity meter (LF2000, WTW, 
Germany). All electrolytes for the buffer preparation were obtained from VWR International (Darmstadt, 
Germany) filtered with a syringe filter (0.2 μm pore size, PTFE, VWR International GmbH, Darmstadt, 
Germany) and degassed by sonication prior use. As marker for the electro osmotic flow velocity thiourea 
was chosen (supplied by Sigma Chemical Co), due to the low interaction with the stationary phase. For 
the characterization of the separation efficiency the neutral substances naphthalene and anthracene where 
used. These mixtures were dissolved in eluent (concentration 1 mg/l), filtered (0.2 μm pore size, PTFE, 
VWR International GmbH, Darmstadt, Germany) and degassed by a sonication. 
 
Table 1. Eluents and their properties at 25 °C 
Components Ratio Conductivity / μS/cm pH-value 
citrate/methanol 1:29 28.76 5.37 
citrate/methanol 1:19 34.4 5.27 
citrate/methanol 1:9 65.8 5.06 
citrate/methanol 1:4 125.48 4.77 
 
2.2. Principle of the planar test cell 
Fig. 2 shows the principle design of the electro-chromatographic planar test cell. The eluent reservoir (1) 
at the top includes the conductive eluent, the upper electrode (2) and a movable feed nozzle (3). The 
electrode must be in contact with the eluent in the reservoir at all times. The speed of the feed-nozzle can 
be varied by a step motor and the volumetric flow of the feeding substances is controlled by a high 
precise syringe pump. The principle of successful separation and the formation of the product bands (8) 
from the feed nozzle to the outlet structure are also depicted in Fig. 2 .The monolithic stationary phase is 
implemented between two planar glass plates (4) (200 x 100 x 10 mm and 200 x 100 x 4 mm) and was 
fixed in a frame from polyetheretherketone (PEEK) (5). This frame setup enabled the investigation of 
different gap dimensions up to 1 mm. The eluent flows down from the eluent reservoir through the planar 
packed bed and exits the test cell at the capillary equipped outlet geometry (6). This outlet geometry is 
also used as the second electrode (7). The collection of the analytes at this outlet geometry was a special 
issue. The solution for discharging the fluids was the integration of many small capillaries along the 
length of the stationary phase. To overcome the challenging discharging of the fluid, many small 
capillaries (outer diameter 0.7 mm, inner diameter 0.2 mm) were mounted along the bottom length of the 
stationary phase. In order to remove the generated Joule heating during the experiments, a planar heat 
exchanger (HX) was connected to the backside of one of the glass plates (200 x 100 x 4). 
1615 R. Laskowski et al. /  Procedia Engineering  42 ( 2012 )  1611 – 1623 
 
             
Fig. 2. A)  Schema and set-up of the planar test cell, B) Manufactured and designed (design by IMM, Mainz) 
2.3.  Image analysis of hydrodynamics and Joule heating 
The planar geometry allows a good optical detection of heat transfer and flow behavior. For the 
contactless process monitoring of the hydrodynamic experiments a monochrome CCD-camera (Prosilica 
GC 1020, Allied Vision Technologies GmbH, Stadtroda Germany) and a planar LED-module (LEDW-
BL-100X80-24V, CSS Inc., Kyoto Japan) were used in the transmitted light method with a 30 fps frame 
rate. By using this experimental setup, a simultaneous detection of all falling droplets from the outlet 
capillaries in their x,y-positions was possible. The transmitted light method allows the visualization of the 
droplet shape by their projected area. The detected pixel area of the droplets can be analysed after 
performing a calibration measurement. It was shown by previous investigations that the shape of the 
droplets is spherical due to the very small droplet size. The single droplet volume (from circular shape) 
and the total sum of all droplets per time step give the total volumetric flow rate. In addition to the 
volumetric flow experiments the generated Joule heating was also determined by a contact-free MIR 
image analysis method. For these measurements, a thermal camera system from FLIR (T250, FLIR 
Systems GmbH, Frankfurt am Main, Germany) was utilized to record time-dependent surface 
temperatures. The thermal imaging allowed an estimation of the generated Joule heating over all the area 
and the detection of the developing temperature profiles. Due to an internal calibration of the camera 
system it was possible to minimize the measurement errors, such as environmental influences and the 
emissivity of the target. For the present experiments, the emissivity for glass was fixed at з = 0.97. The 
camera system was placed in a distance of 1 m in front to the test cell. 
2.4.  UV-VIS online sensor 
For the online detection of the test system a UV-VIS spectrometer (AVS-USB2000, Avantes Inc., 
Eerbeek, The Netherlands) with a 250-1000nm range using a 200 μm glass fiber (FMMC-200-SMA-AL, 
UV/VIS, 200–750 nm, LEONI Fiber Optics GmbH, Germany) was employed. A complete UV-VIS 
spectrum was acquired every 30 ms.  The light source was a UV-VIS-NIR source (Ocean Optics Inc., 
B.) 
A.) 
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Dunedin, USA) with wave lengths ranging from 200 nm to 2000 nm. The optical detection cell was 
attached to a glass capillary in the middle part at the outlet geometry (see Fig. 3). However, the capillary 
wall tends to induce noise, which was reduced by the calculation of a mean value from ten sequential 
spectra. With this utilization the retention time of every substance could be determined. All measurements 
were performed at room temperature and in a dark environment. 
 
 
Fig. 3. Principle schema of the UV-VIS detection  
3. Results and Discussion 
3.1.  Volumetric flow in the planar geometry 
In the first approach the total volumetric flow in the planar geometry in dependence of different 
voltages, solvent compositions and gap dimensions was investigated. For all these experiments the C8 
functionalized monolithic stationary phase was used. The conductive mobile solutions were mixtures of 
citrate buffer and methanol in different ratios as discussed in Section 2.1 and listed in Tab. 1. Fig. 4 
depicts the measured volumetric flow at various voltages vs. the experimental time with a 1:29 
buffer/solvent ratio. The resulting profiles show an increase of the throughput for the first 20 min after the 
start of the experiment and then level off at a constant flow rate. The increase of the volumetric flow rate 
is directly proportional to the applied voltage, which clearly indicates the successful generation of an EOF 
with this electro-chromatographic equipment. The direct proportionality of the electro osmotic flow 
velocity at different voltages was already discussed in many references under different experimental 
conditions [7, 8, 23]. The change of the volumetric flow under constant experimental conditions can be 
caused by two phenomena. The first one is Joule heating, which influences the electric double layer 
thickness as well as viscosity and density of the fluid. It induces an increase of the flow rate with rising 
temperature. The second influence is the possibility of a change in the double layer thickness due to a 
depletion of the eluent ions during the continuous experiment. This can be caused by a migration of the 
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eluent ions. This electrolytic modification of the buffer [24] is caused by the movement of the cations to 
the cathode and their depletion at the anode. The anions migrate to the anode and accumulate in the eluent 
reservoir. In contrast to this the eluent cations will be rinsed out of the device caused by the outlet 
structure at the cathode. This prevents an accumulation of the cations but it causes a depletion of cations 
in the overall system. Due to this effect, there is a start-up phase until equilibrium between heat generation 
and migration of background ions is reached. 
 
Fig. 4.  Volumetric flow at different voltages vs. time, monolithic stationary C8 reversed phase, eluent: citrate/methanol 1:29, gap 
width: 1 mm 
To investigate the reproducibility several experiments with the citrat/MeOH (1:29 ratio) eluent were 
repeated giving an average error of 4 % (s. Fig 5). 
The influence of different MeOH concentrations in the eluent is depicted in Fig 6. These results have 
been conducted in the same procedure as discussed before and every measured point represents the mean 
value over an experimental run between 20 and 60 minutes. Only experiments with pure MeOH were less 
reproducible, due to the low conductivity of the electrolyte. The increase of the error is a sign of a 
fluctuating flow caused by an overlapping of the electric double layer inside the mesopores of the 
monolithic stationary phase. The depicted results also show a constant increase of the volumetric flow 
with increasing voltage and the deviations from linearity can be explained by a generation of Joule 
heating at higher voltages [7]. In addition, one can observe an increase of the flow rates with increasing 
MeOH concentration, which can be attributed to the decreased ionic background concentration in the 
eluent. This leads again to a change of the double layer thickness and therefore to a change of flow rates 
also observed by Cikalo et al. [7]. Dearie et al. [16] described for acetonitrile that the dielectric constant 
to viscosity ratio (ε/η) of the mobile phase together with the zeta potential (ζ) explains the observed trend 
in respect to the solvent (MeOH) concentration as given by the Smoluchowski equation. The observed 
flow behaviour in the new planar set up follows exactly the trends known from capillary electro-
chromatography. 
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Fig. 5. Reproducibility of volumetric flow vs. different voltages, monolithic stationary C8 reversed phase, eluent: citrate/methanol 
1:29, gap width: 1 mm 
 
 
Fig. 6. Volumetric flow from different eluents vs. voltage, monolithic stationary C8 reversed phase, gap width: 1 mm 
3.2. Joule heating effects 
For the investigation of thermal effects a thermal camera system (see above) was used. The planar test 
set-up was been equipped with a cooling device (planar heat exchanger) on the backside glass plate (4 mm 
thickness) to reduce the thermal effects and to protect the stationary phase against evaporation of the 
eluent. For the cooling of the planar test cell silicone oil (Peter Huber Kältemaschinenbau GmbH; 
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Germany; Thermofluid M90.055.03; min. Temp: -90°C; max. Temp.: 55°C viscosity at 25°C: 3mm2/s) in 
a cryostat (Julabo F30; Ultratemp 2000) was used. To reach a constant circulation of the cooling media a 
pump (Heidolph KrP40/4) with a volumetric flow of 3.5 l/min was implemented between the cryostat and 
the test cell. Nurok [25] and Dzido et al. [26] had realized a similar assembly by placing a cooled glass 
plate onto a TLC-plate and reported a more stable operation. The generation of Joule heating in 
dependence of the time and applied voltage (cooling temperature of 273 K) is shown in Fig. 7. The 
temperature difference increases sharply over the first minutes and levels down to a constant progression. 
Fig. 7 shows also a constant increase of the Joule heating at around 2 K when raising the voltage every 2 
kV. 
 
 
Fig. 7. Comparison of the temperature within the planar geometry and full working heat exchanger (HX); cooling temperature 273 
K, eluent: citrate/MeOH 1:29. 
Fig. 8 depicts the observed temperature differences at the glass plates from the planar device after an 
experimental time of 30 minutes. The Joule heating increased with ionic strength and there is an 
exponential increase with increasing voltage. The results confirmed the good operation of the heat 
exchanger and its limits. The high conductivity of the eluent citrate/MeOH 1:4 brings the cooling system 
close to its limits at a voltage of 10 kV. This can be counter acted by a reduction of the temperature of the 
heat transfer fluid.  
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Fig. 8. Temperature at different voltages vs. time, monolithic stationary C8 reversed phase, gap width: 1 mm full working heat 
exchanger (HX); cooling temperature 273 K, 
3.3. Separation of neutral test substances  
In order to determine the separation efficiency of the planar system, a mixture of three neutral 
substances was used as test compounds. In addition to the separation efficiency the operation of the 
moving feed, the homogeneity of the EOF, the quality of the stationary phase and the possibility to 
correctly collect the samples at the outlet geometry were tested. The mixtures were filled into the planar 
test cell using a syringe pump with a connection to the continuous moving feed. The feed nozzle slides 
directly over the upper gap with a defined velocity. The used eluent was water with 1vol.-% citrate buffer 
to MeOH in a 1:19 ratio. The sample concentration was 1 g/l in both cases, but with different injection 
modes. The feed nozzle in the planar geometry moves with a velocity of 0.15 mm/s and a volumetric flow 
of 0.18 ml/h above the stationary phase.  
In comparison to the planar setup an analytical device (a capillary CE-System from Agilent, Waldbron 
Germany) was used as second application, which can also be equipped with different stationary phases. In 
order to have a comparable electric double layer in both devices the same C8 monoliths were 
implemented. The electrical fields of both systems (different capillary resp. axial planar length) were 
calibrated using a polynomial to give similar retention times. The successful separation of the test 
substances is shown in Fig. 9 as chromatogram. The measurement from the planar cell was started when 
the feed was at the same position as the detection cell, so that the detection times correspond to the 
capillary retention times. The first detected peak with a retention time of around 7 minutes was 
determined as thiourea and the second and third peaks represent naphtalene and antracene. Both 
chromatograms indicate very similar separation results, despite the different length of the stationary 
phases. The resulting resolution, theoretical plates and the retention times are displayed in detail in Tab.2 
and 3. 
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Table 2. Separation conditions of analytical CE, monolithic stationary C8 reversed phase, capillary length 250 mm, diameter 
100 μm 
Sample t retention R Theoret. plates 
Thiourea1 7.61 - 9612 
Naphtalene2 9.69 3.11 13688 
Antracene3 10.98 1.88 15204 
 
Table 3. Separation conditions from the planar device, monolithic stationary C8 reversed phase, gap width: 1 mm 
Sample t retention R Theoret. plates 
Thiourea1 7.7 - 6306 
Naphtalene2 9.6 2.43 14992 
Antracene3 11.26 1.87 7713 
 
 
Fig. 9. Comparison of the separation of thiourea1, naphtalene2, antracene3; electrical field planar 500 V/cm; electrical field CEC 463 
V/cm; electrolyte: 95% methanol, 4% H2O, 1% citrate 25 mM; sample: thiourea1, naphtalene2, anthracene3 
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4. Conclusions 
The functionality of a continuous annular electro-chromatographic apparatus was tested using a planar 
test cell which represents a fraction of the final annular system when using a C8-functionalized monolithic 
silica-based stationary phase. An uniform electro-osmotic flow over a wide range of different system 
conditions (electrical field strength, eluent composition, ionic strength, cooling temperature) could be 
achieved and the generated Joule heating was successfully removed with a heat exchanger. The 
performance evaluation using a non-polar test system revealed an efficient separation in the planar gap 
under process conditions. The chromatograms show a good agreement and very similar separation 
behavior of the analytical CEC and the planar geometry. These results clarify the high potential of a 
continuous electro-chromatographic application. However, more studies are needed to investigate the 
separation efficiency for more complex mixtures. Also an important issue for a continuous working 
system is to understand all electro-kinetic effects and changes during the process. Future research will be 
conducted to transfer the above results to the final annular geometry. 
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